The possibility that, following early auditory deprivation, the remaining senses such as vision are enhanced has been met with much excitement. However, deaf individuals exhibit both better and worse visual skills than hearing controls. We show that, when deafness is considered to the exclusion of other confounds, enhancements in visual cognition are noted. The changes are not, however, widespread but are selective, limited, as we propose, to those aspects of vision that are attentionally demanding and would normally benefit from auditory-visual convergence. The behavioral changes are accompanied by a reorganization of multisensory areas, ranging from higherorder cortex to early cortical areas, highlighting cross-modal interactions as a fundamental feature of brain organization and cognitive processing.
Introduction
Compensatory plasticity holds that the lack of auditory stimulation experienced by deaf individuals is met by enhancements in visual cognition. However, reports in the educational and cochlear implant literature document deficient visual cognition in deaf individuals. This discrepancy is probably due to the complex etiology of deafness. When free from various confounding factors, deafness per se is seen to shift the spatial distribution of attention such that attention to the peripheral visual field, but not the central visual field, is heightened. Associated neural bases reveal a widespread reorganization from higher association cortices to early sensory cortices. A common feature found across reorganized areas is their fundamental multimodal organization, reinforcing recent views on the role of multimodal integration at all stages of cognitive processing [1] .
The complex etiology of deafness
The bulk of the literature on deafness reports either no change in or worse performance by deaf individuals on a variety of tasks as compared to hearing [2, 3] . Amid this large literature describing deficiencies in deaf individuals, some recent evidence documents enhancement of a few perceptual and cognitive skills following congenital deafness [4, 5] . Discrepancies in the literature might be largely explained by the fact that most studies reporting deficient functions typically include deaf subjects with heterogeneous backgrounds, whereas the studies documenting enhanced functions focus exclusively on a very small subsample of the deaf population, known as Deaf native signers. These individuals are born deaf to deaf parents; they are profoundly deaf; and they have no associated central nervous system damage. In addition, they achieve their language development milestones at the same rate and time as hearing individuals by virtue of being born within a signing community [6] . Study of this population, representing only about 5% of the total deaf population, enables the effect of auditory deprivation to be evaluated, with minimal confounds from other factors such as language deprivation, abnormal cognitive development due to communication disruption, or comorbidity associated with deafness [7] (Box 1). The studies described below focus on Deaf native signers (henceforth shortened to Deaf).
Selective effects of deafness on visual cognition
Changes in visual cognition following congenital deafness are highly specific. Not all aspects of vision are modified. Visual sensory thresholds are comparable in Deaf and hearing individuals, be it for brightness discrimination, visual flicker, different aspects of contrast sensitivity, or direction and velocity of motion [8] [9] [10] [11] . Enhanced performance has been reported in some areas, such as processing of the visual periphery or motion processing, but only under conditions of attention. For example, Neville and Lawson [12] showed that Deaf individuals performed faster and better than hearing controls when asked to detect the direction of motion of a peripheral target at an attended location. Deaf and hearing individuals showed comparable performance for central targets. A selective enhancement in Deaf individuals for stimuli that are peripheral or in motion and require attentional selection has been demonstrated using a variety of paradigms [13] [14] [15] [16] [17] [18] [19] (Table 1) . As independent anatomical evidence indicates that both motion processing and peripheral vision are predominantly mediated through the dorsal visual pathway [20] , these results have led to the proposal that magnocellular visual functions -known to dominate the dorsal visual pathway -might be more easily shaped by experience [21, 22] . The dorsal pathway hypothesis holds that, although there is overlap and interconnectivity between dorsal and ventral streams, the two show different functional biases and different susceptibility to altered experience. Several studies support the view that dorsal visual functions might be especially susceptible to the effects of deafness [17, 18, [21] [22] [23] . However, the accumulated results also indicate highly specific plastic changes within dorsal visual pathway functions. For example, sensory thresholds for motion direction and velocity are not altered by early deafness, even when tested in the visual periphery [9] [10] [11] . Similarly, recruitment of MT/MST, a brain area highly specialized for visual motion processing and one of the main targets of the dorsal visual pathway, is comparable in Deaf and hearing participants who are viewing moving stimuli passively [23, 24] . Thus, Deaf and hearing individuals do not differ on motion tasks that are purely perceptual. When, then, do they differ on motion tasks? The study of MT/MST provides a telling story: comparable recruitment is noted when viewing stimuli passively, but enhanced MT/MST recruitment is observed in Deaf participants when motion stimuli have to be attended to peripherally while central motion is ignored [23, 24] . This pattern echoes a general trend in the literature, whereby the greatest population differences have been reported for motion stimuli in the visual periphery under conditions that engage selective attention, such as when the location or time of arrival of the stimulus is unknown or when the stimulus has to be selected from among distractors. Accordingly, Deaf individuals outperform hearing controls when asked to detect the presence of moving light points at unpredictable locations in the periphery [22] . Deaf individuals are faster and more accurate than hearing controls in detecting the direction of motion of a small square at an attended location while ignoring squares flashing at unattended locations [12] . Electrophysiological recordings indicate an increased N1 componentassociated with a modulation of visual attention -when Deaf subjects perform this task. Similar increases in N1 amplitude have been noted when Deaf individuals are presented with abrupt onset squares flashed at three possible locations randomly [13] or when monitoring drifting low-spatial frequency gratings for a rare target [18] . As predicted by enhanced peripheral vision, the N1 enhancement in Deaf individuals is more pronounced for peripheral than for central stimuli. Taken together, these results suggest that changes in visual, and possibly tactile, processing after auditory deprivation are best revealed under conditions of attention (Table 1) .
Deafness alters the spatial distribution of visual attention
Differences between Deaf and hearing individuals are noted mostly under conditions of attention, as when processing in the face of uncertainty and/or selecting a target from among distractors. Could Deaf/hearing differences be better characterized as a generalized attentional difference? This proposal needs qualification as few population differences have been documented on standard attentional paradigms. Studies of attentional orienting, using the Posner-cueing paradigm, report no robust changes, except in the presence of a competing central load [15, 19, 25] . Although one study reported a tendency for more effective visual search in Deaf than in hearing individuals [26] , other reports have failed to replicate the effect [19, 27] . The only population effect observed was that Deaf adults terminated target-absent trials faster than hearing adults; this result might reflect differences in decision criteria rather than attention between the two populations. Finally, studies of executive attention suggest comparable abilities across the populations, with a change only in the relative saliency of central and peripheral distractors [16, 28] . Thus, attentional differences seem to have been documented between Deaf and hearing individuals mostly when central and peripheral processing are pitted against each other. The changes documented after early deafness are therefore best captured in terms of a change in the spatial distribution of visual spatial attention, whereby Deaf individuals exhibit enhanced peripheral attention compared to hearing individuals.
The most direct evidence for the enhanced peripheral attention of Deaf individuals probably comes from a series of experiments in which the effect of an irrelevant distractor on the performance of Deaf and hearing individuals was compared, as a function of whether the distractor was presented centrally or peripherally. Subjects were presented with a display containing six target rings in a circular pattern around fixation [16] (Figure 1a ). Subjects were warned that either a square or a diamond would appear in one of the six rings, and they were to decide as fast and as accurately as possible which shape was presented. Also appearing on every trial, outside of the target rings, was a distractor shape. This shape could be the same shape as either the target or the alternative target. By comparing reaction times in trials where the distractor was
Box 1. Etiology of deafness
In the USA, over 20 million people have been diagnosed with hearing loss, representing a prevalence rate of 9% [52] . This group is extremely heterogeneous in terms of degree, onset, time course and etiology of hearing loss. Of interest here is severe to profound hearing loss (71 + dB loss in the better ear), which is primarily due to sensorineural deficits in the auditory (VIII) nerve, representing approximately a quarter of those with hearing loss [52] . The etiology of hearing loss can be hereditary ($50%) or acquired by several mechanisms such as prenatal or perinatal infections (cytomegalovirus, rubella and herpes simplex), postnatal infections (meningitis), premature birth, anoxia, trauma, or as a result of ototoxic drugs (e.g. aminoglycosides) administered during pregnancy. Many of these causes have been associated with other, sometimes severe, neurological sequelae that affect behavioral, cognitive and psychosocial functioning [53, 54] .
Hereditary deafness is associated with over 350 genetic conditions [55] . Seventy to eighty percent of those are autosomal recessive, 15-20% are autosomal dominant, and 2-3% are X-linked or mitochondrial in origin [56, 57] . About a third of these genetic conditions are associated with syndromes [58] . There is a high variability in the chromosome loci for non-syndromic recessive forms, with more than 53 of the loci reported including a mutation of the GJB2 gene [59] . Within the dominant patterns of transmission, 38 genes, consecutively numbered DFNA1-38, have been mapped to 15 different chromosomes, whose functions relate to hair cell formation, potassium recycling into the endolymph, and gap junction proteins [57] .
Although not all hereditary cases of deafness are non-syndromic, hereditary-deafened subjects used in the behavioral and imaging studies discussed here are born to deaf parents and have unremarkable neurological and psychiatric histories. In the USA, many individuals who have severe to profound hearing loss before the age of 3 use American Sign Language (ASL) as their first language. This group relies on visual routes to learning and language access, and has similar values, beliefs and behaviors that reflect Deaf culture. The community of ASL users is often referred to in the literature as a linguistic minority community because of the similarities it has with other minority communities in terms of language and culture [60, 61] .
Review the same to those where it was different, the effect of the distractors can be measured, allowing for an assessment of attentional resources available at the distractor location. Indeed, the currently accepted basis for this effect is that the size of the distractor effect reflects the amount of processing the distractor receives [29] . The proposal that Deaf individuals have greater attentional resources in the periphery therefore predicts that peripheral distractors will be more distracting for Deaf than for hearing individuals. This was contrasted with a condition where the distractor was presented centrally.
Results confirmed the known finding that, in hearing individuals, central distractors are more distracting than peripheral distractors. By contrast, Deaf individuals were more distracted by peripheral distractors than were hearing individuals, and less so by central distractors (Figure 1b) . These findings establish that, whereas in hearing individuals attention is at its peak in the center of the visual field, Deaf individuals show greater attention at peripheral locations. This work carries practical significance, as a recurrent point of view in deaf education is that deaf individuals are easily distracted, cannot stay on task, and lack the ability to focus attention. This conclusion is drawn mainly from the finding that deaf children underperform compared with hearing children or deaf children with cochlear implants on tasks that require a central focus of attention [2] . Our findings call for a reinterpretation of this greater distractability of deaf individuals. Our work confirms the view that Deaf individuals are more distractible than hearing individuals when the task is central and distraction peripheral. However, our studies show that this is only the case under these conditions. When subjects are asked to perform a peripheral task and ignore central distraction, hearing individuals are more distracted than Deaf individuals. Thus this distraction effect is not a sign of deficient visual attention in the Deaf population, but rather emerges from a different distribution of attentional resources over the visual field in Deaf and hearing populations. This view is confirmed by brain imaging studies that exploit the well-documented layout of the motion pathway in humans to ask how central versus peripheral attention differentially recruits neural circuits in Deaf and hearing individuals. These studies report that, as expected, the main brain areas implicated in motion processing -MT/ MST -show greater recruitment under central than under peripheral attention in hearing individuals. By contrast, Deaf individuals display the opposite pattern, with greater recruitment under peripheral than under central attention, again reflecting greater sensitivity to peripheral events in the Deaf population [23] (Figure 2a and 2b) . Overall, these results suggest a core compensatory mechanism of cross-modal plasticity through enhanced modulation of spatial attention in the remaining modalities. Such compensatory changes are best revealed under attentionally demanding conditions arguably because spatial attention resources are limited. In the absence of the auditory modality, the limited attentional resources might be enhanced over the remaining visual modality, as compared to when attentional resources have to be distributed across all modalities [30] . In addition, the compensatory changes seem to be particularly notable for those visual functions, such as peripheral processing, that would normally have benefited from convergence with the now missing auditory input.
Neural correlates of cross-modal plasticity
The enhanced peripheral vision noted in Deaf individuals could be mediated by several distinct brain mechanisms. First, the sensory representation of the peripheral field in early visual cortex might be expanded in genetically deaf individuals. In hearing individuals, it is known that a larger part of the visual cortex is dedicated to processing central vision than peripheral vision. A greater amount of visual cortex might be dedicated to the processing of the visual periphery in Deaf individuals. Although possible, the existing data provide little support for this hypothesis, with the most recent work by Fine et al. [24] reporting similar central/peripheral organization in early visual areas in Deaf and hearing individuals. Second, recent work in the macaque describes projections from auditory areas to the parts of V1 and V2, which represent the far peripheral visual field [31, 32] . In the absence of auditory inputs, these visual areas might become more susceptible to intramodal modulations, such as the attentional ones observed behaviorally in deaf individuals. This remains an open question as no study has yet investigated attentional modulation in higher visual cortex at such large eccentricities. Third, multisensory associative cortical areas might reorganize in the face of missing auditory input by displaying a greater sensitivity to the remaining modalities, such as vision. Support for this view comes from studies reporting changes in Deaf individuals in the posterior parietal cortex, one of the main centers for visual attention but also an area that integrates information from different senses [23] . This result is similar to that documented in the animal literature and is well accounted for by a competitive, Hebbian-like mechanism whereby, in the absence of competition from auditory inputs, the remaining modalities exert a greater influence over multimodal cortices [21, 33] . Fourth, the auditory cortex might reorganize to mediate other functions such as vision. This view is supported by the findings that auditory areas in the superior temporal sulcus, just caudal to the primary auditory cortex, show greater recruitment in Deaf than in hearing individuals when processing visual, tactile or signed stimuli [23, 24, [34] [35] [36] [37] (Box 2 for the effects of signing on brain and behaviour). The mechanism at work here might be very similar to the Hebbian learning seen in cross-modal areas; indeed, although part of the auditory system at large, there is mounting evidence that neurons in the caudal part of the auditory cortex integrate information from a variety of domains, including somatosensory information, biological motion, face processing and visual information [38] [39] [40] . In accordance with a competitive Hebbian mechanism during development, the extent of cross-modal plasticity observed in auditory areas Figure 2. (a) The extent to which central versus peripheral distractors interfere with the target task can be computed as a difference ratio: (central À peripheral)/ (central + peripheral). Both hearing non-signers and hearing signers demonstrate positive ratios, indicating more interference from central than peripheral distractors. Deaf subjects, however, demonstrate negative ratios, indicating more interference from peripheral distractors. This suggests that deafness, not sign language use, is the driving factor behind enhanced distribution of attention to the periphery in adults with early deafness. (b) The same ratio can be calculated using MT/MST activation data from an fMRI task. Again, positive values are observed for hearing non-signers and hearing signers, indicating greater activation when attention is directed towards the center of the visual field. A negative value for Deaf subjects indicates the reverse pattern, reflecting the greater sensitivity to peripheral events in the Deaf population at the level of neural organization.
Review increases with greater dB loss [41] and earlier onset of dB loss [42] .
Even cortices that were once considered unimodal could receive direct afferents from other modalities, possibly allowing them to exhibit cross-modal plasticity [1] . This mechanism could explain the large reorganization seen in the primary visual cortex of congenitally blind individuals [43] , as new evidence accumulates for direct auditory and somatosensory inputs to the primary visual cortex [31, 32, 44, 45] . The case of the primary auditory cortex in the Deaf remains puzzling. The primary auditory cortex sustains its size in Deaf individuals -and thus remains available for functional recruitment [46, 47] . Several studies indicate a peak of reorganization in the area caudal to the primary auditory cortex, with activation from that peak spreading, in some studies, to the posterior part of the primary auditory cortex [24, 37, 41, 48] . However, the few studies in congenitally deaf cats and deaf humans in which the primary auditory cortex was delineated on a subject by subject basis, rather than through brain averaging, indicates little functional change beyond the area caudal to the primary auditory cortex [23, 49, 50] . It might be that adequate stimulation has not yet been usedthe primary auditory cortex in the Deaf might become recruited only for visual stimuli in the far periphery or for some form of tactile stimulation -or it might be that the connectivity that would allow the primary auditory cortex to reorganize and be taken over by the remaining modalities is lacking. Indeed, research on old world primates documents inputs from other modalities one synapse away from the primary auditory cortex, but not within the primary auditory cortex proper [40, 51] .
Overall, in the absence of auditory input, cortices that receive multimodal inputs are seen to reorganize (Figure 3 ). Although most often found in higher cortical areas that are fundamentally multimodal, reorganization is also noted in earlier sensory areas, supporting the view that multisensory convergence is a common feature of cortical organization.
Summary
The study of plastic changes in Deaf individuals, born profoundly deaf within the Deaf community, highlights the impact of auditory deprivation on cognition without the confounds often associated with deafness. Auditory deprivation leads to enhanced peripheral visual attention, an enhancement particularly notable when contrasted with central attention. Such behavioral change could put deaf individuals at risk in academic or clinical settings that typically rely on the use of centrally presented tasks in often distracting environments. The present results call for a re-evaluation of the best approaches to promote cognitive excellence in the deaf population (Box 3).
Other aspects of visual cognition show few changes, revealing a high degree of specificity in plastic changes after auditory deprivation. At the neural level, the shift in the distribution of attention is accompanied by a greater Box 2. Separating the effects of deafness from those of the use of a visual-manual language Plastic changes observed in Deaf individuals might be due to either congenital deafness or to the early acquisition of a visual-manual language such as American Sign Language (ASL). Studies comparing Deaf and hearing signers -typically hearing children of Deaf individuals -indicate that these factors have different and separable effects. The enhanced peripheral processing reported in Deaf individuals is not observed in hearing signers, suggesting that deafness is a major driving force of that change [12, 16, 23, 24, 62] . For example, as shown in Figure 2a , hearing signers are more distracted by central than by peripheral distractors and thus pattern like hearing non-signers and unlike Deaf individuals on this task. Similarly, brain markers of enhanced peripheral processing, such as enhanced N1 or greater recruitment of MT/MST when monitoring peripheral stimuli, are observed in Deaf individuals but not in hearing signers (Figure 2b) . This is not to say that signing does not lead to profound changes in visual skills. First, the use of ASL induces a left hemisphere lateralization for motion processing in signers, Deaf or hearing individuals [9, 11, 23, 62] . As initially proposed by Neville and Lawson [62] , the reliance of ASL on motion processing seems to enhance motion processes in the left, language-dominant hemisphere. Second, there is ample research indicating that use of a sign language also modifies higher cognitive skills such as mental rotation abilities, image generation, some aspects of face processing, and short-term memory capacity [63] [64] [65] [66] [67] [68] [69] . Deafness and the acquisition of ASL therefore have different and separable effects on the organization of visual and cognitive functions. recruitment of multimodal brain areas, not only in higher association cortices but also in earlier, sensory cortices. This reinforces the view that multisensory convergence is an ubiquitous feature of brain and cognitive behavior.
Box 3. Questions for future research
Although Deaf adults show enhanced peripheral vision and a reorganization of multimodal areas, little is known about the developmental time-course of these effects. Do young deaf children already show similar enhancement or do these changes appear only slowly during development? Could there be a price to pay during development for these compensatory changes observed in adulthood? Among Deaf individuals, enhanced behavioral skills co-occur with a reorganization of multimodal areas as seen in the auditory cortex or in the parietal cortex. Although suggestive, the link between cortical reorganization and behavior is only correlational. In future research, it will be important to establish more directly the causal relationship between the reorganization of multimodal areas and behavioral changes. The behavioral skills modified after deafness seem to be specific, limited to attentionally demanding tasks that would have benefited from sensory convergence. Is this a common feature of cross-modal plasticity? To which extent can results from the literature on blindness also be understood in this framework? How should the normal cognitive reorganization that occurs in Deaf individuals be appropriately considered when conducting psychological evaluations in the deaf population? How generalizable is the reorganization observed in Deaf signers to the remaining 95% of the deaf community who are born to hearing parents and are not raised with access to fluent users of ASL during infancy and early childhood? How can teachers and educational administrators for the deaf take into consideration the unique strengths of Deaf individuals when developing teaching strategies and curricula? Deafness and fluency in a signed language have different and separable effects on perception and cognition. However, it remains possible that the effects observed in Deaf signers discussed here stem from the co-occurrence of deafness and signing. Future research focusing on oral deaf subjects who have little exposure to a sign language, but who have hereditary deafness and an absence of comorbidity, are needed to clarify whether deafness is necessary or sufficient to bring about the changes described in Deaf individuals.
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